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‘CHAPTER 
‘mNERODUCTION 


A turbid Liquid is one which appears middy, cloudy, or opaque, 
‘This appearance is caused when light is scattered by the suspended 
particles. The turbidity of « liquid has long been # gauge of purity. 
It is reported that Bacon (1), in 1626 expressed surprise that any 
g00d could cone from a turbid liquid, 

The turbidity, 7 , of « systen is defined as the conservative 


absorption cocfficient in the expression 


aa 
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I-he 
where Ip is the intensity of the incident light, I is the intensity 
of the transmitted light, 71¢ the turbidity, b is the cell path in 
centimeters, and ¢ is the mathematical symbol for 2.7183... (2,3). 
Frequently the relation is written as: 


303 10g39 Igo = 2.303 A, (2) 
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The turbidity of a eysten can be determined by both light transmission 
and Light scattering measurements, The uit of turbidity is the 
‘eciprocal centimeter, on." 


‘History of Turbidity Measurements 

‘The first measure of turbidity was made by the lowering of sand 
‘bags into the turbid media, and then recording the depth at which the 
‘age disappeared (4). The terms used to describe a turbid suspension 
were "very slight," “slight," "distinct," and "decided" (5). 

‘In 1889 the experiment station of the Massachusetts State Board 
of Health developed a method of turbidity measurement based on the 
disappearance of a submerged pin on a wooden staff (6), This was the 
basis for all of the disappearing wire methods. The platinum wire 


method, which was the standard for many years, used a platinum wire 


on a rod, and it was also based on this method (7,8). 

Diaphanoneters were used in the early experiments for determining 
turbidity. The diaphanometer was an instrument with a long~glass tube 
supported over either a flame or a spot. ‘The turbid suspension was 
poured into the tube until the flame disappeared. The turbidity was 
inversely proportional to the depth of the suspension. In 1999 Parnelee 
and Elins (9) described an improved diaphanoneter. The iaproveneat vas 
the substitution of a cross for the spot. The reciprocal of the depth 
in inches was taken as the turbidity reading. This value agreed with 
the value found by the platinum wire method. In 1899 another early 
photometric device for the determination of the turbidity of a 
suspension was described by James Sedden (10). 

a 1900 Daniel D, Jackson (11) developed a flane extinction 
@iaphanometer for measuring sulfates in water. The instrument was 
adapted to determine turbidities of 100 parts per million (ppa) or 
larger, Today this instrument is comonly used in practically the sane 


fora as Jackson's original design except that it is now calibrated to 
read turbidities as low as 25 ppa, This instrument is deseribed in 
detail in Standard Methods for the Examination of ister, Sevane, snd 
Industrial Wastes (12), and is the official method for measuring 
turbidity in the water works industry today. 

‘In 1928 Venkataramanan (13) reported a new method for determining 
turbidity in small samples. It depended on the lowering of a coin into 
the medium and observing the disappearance of the letters on the coin. 

The measurenent of low turbidities continues to present a problen« 
In 1896 George Hornung (14) was reported to have used a diaphanometer 
type instrument for measuring low turbidities. The prevailing practice 
in 1920 vas to look at a sample of water in a 1-gallon bottle and to 
coupare it with bottled samples which contained suspensions of known 
turbidities (15). The next improvement vas the installation of 
submerged Lights in the storage basins. If the submerged Light is in 
am ideal location in the basin it is-a very sensitive method for 
detecting turbidity (15), In 1923 Baylis developed the Baylis Turbidi- 
meter for the measurement of low turbidity (16). This is « comparison~ 
type instrument based on scattered light. I¢ is equipped with 30-inch 
tubes for reading turbidities between 2.0 and 0.0 ppm of suspended 
clay. In 1930 Graf and Wolts (17) developed the Saint Louis Turbidi~ 
meter for reading low turbidities, The principle is similar to the 
Baylis instrument except that the tubes are only 15 ca, in length and 
the range is wider. 

The Patterson Engineering Company of England has a convenient 
instrument, the Patterson Turbidineter (18). This instrument has the 


‘advantage that no standard is required because the turbidity is read 
directly from the scale on the instrument and is based on the reflect~ 
ance of the sample. 

In 1946 Hirsch (19) reported on the direct reading Hellige 
‘Turbidinetor which 4s based on the balancing of two different optical 
effects on the sample itesl£, the tranemisston and the scattering of 
Light. 

With the advent of the phototube and the photomultiplier tube 
many filter photometers and spectrophotoneters have appeared on the 
market, Mony of these instruments have been adapted to mencure turbidity 
(20). A fow of these ara: Photovolt's Lumetron Model 450; Bausch and 
Loub's Spectronic 20}, Beciman's DU, By DB, and Dk~2/models; Colena's 
Electrophotometer; Phoenix: 
Precision Instrument Coupany's Brice-Phoanix Light Scattering Photoneter; 
‘and Perkin Elmer's Spectracord, These instruments have the advantage 
that the detector is not the human eye (21), Fatigue effects and human 
error are eliminated, Furthermore calibration chdrts can be made for 
the individual instrument. 


photometer and nephelometer; Fisher' 


Shortly after 1950 there was considerable controversy in England 
about defining the scale of turbidity in tems of absorbance, Aitken 
and Mercer (22) favored the definition that the turbidity, T, be defined 
as follows: T = 107 B/D whore B 16 the extinction value and D 
ie the cell depth, Haight (23) was in favor of having 4t stated that « 
certain cell path should be uséd to eliminate errors, especially errors 
incurred by using a short cell path. The latest suggested English 
definition is “The unit of turbidity is to be taken as that of a 


suspension having an optical density of 0,001 per ca. depth to yellow 
Light of a peak wave length of 580 mz" (24). 

Im 1954 Schultz+Methke (25) suggested measuring the turbidity of 
oils by using the ratio of the intensity of the light tranemitted by 
the suspension to the intensity of the Light scattered by the ouspension 
at an angle a, vhere a was not 90 degrees. The intensities of the light 
were measured with two photocells. 

‘In 1957 Conley and Pitmm (26) reported on a microphotometer for 
‘measuring low turbidities, ‘It is reported to be able to detect turbidity 
{a disti1ed water. The instrument is a relative turbidineter, which is 
extremely sensitive, and is standardized by using Ludox and bentonite 
suspensions, Unfortmately, since it uses a mercury Lap without 
monochromators, it cannot be used for determinations involving organic 
polymers. 

In 1958 Bernhardt, Bis, and McGinnis (27) proposed two methods 
for the measurement of turbidity. The first method was to measure the 
Light absorbed by the suspension, filter the suspension twice through 
‘millipore filters with suction, and remeasure the light absorbed by the 
suspension, The difference in the absorbed Light was attributed to the 
scattering of the suspension at an angle of 10 degrees, Trop this 
measurement the turbidity was obtained. 

‘In 1961 Meehan and Beattie (28) reported an absolute method of 
turbidimetric analysis. This method removed the empirical comparison 
ands based on the measurenent of turbidity at an experimentally 
determined wave length. The observed turbidity is proportional to the 


reciprocal of the wave length. The observed turbidity was related to 
the weight concentration through the Mie scattering coefficient, It is 
necessary to determine the desired wave length by light scattering 
techniques, 


‘History of Water Analysis Zurbidity Standards 

In 1900 Mason (29) suggested the use of a kaolin suspension, 
tontaining 1 gram of clay in 1 liter of water, This was the first 
fuggestion of standard suspension, whipple and Jackson (30) improved 
the method by substituting finely powdersd diatomacsous earth for the 
kaolin in order to have a more reproducible standard, 

In 1901 the comittee on Standard Methods of Water Analysis of the 
Aserican Public Health Association (31) recommended that the turbidity 
produced by 1 pp Of silica be considered the standard unit of turbidity. 
‘This was the first definite standard used in Anerica, 

In 1902 the standard adopted by the United States Geological 
Survey (32,33) fixed the turbidity scale for the platinum wire method. 
‘This was the basis for the "silica scale" end the "parte per million 
scale” which lasted until sbout 1950. P. V. Wells (7) and Baylis (5), 
and mmy other authors have quoted the method in detail from the 
ctreuler, Briefly, a water of 100 had 100 ppm of silica. The fineness 
of the silica was determined because the Inmillimeter dianoter platinus 
wire was to be barely visible at a depth of 100 millimeters. The 
observer vas to be 1.2 meters above the wire and the vessel was to be 
Jarge enough that the sides did not shut out light and influence the 
results, ‘The final requirement was that the observation should be made 
in the middle of the day, in open air, but not in direct sunlight. This 


report also gave the scale for the United States Geological Survey 
turbidity rod of 1902. 

In 1923 Baylis (16) recomended using suspensions of £ullers 
earth for use as standards with the Baylis Turbidimeter. In 1943 
Theroux, Eldridge, and Malinann (34) recomended as standards either 
suspension of fullers earth or of bentonite, The recomended method of 
preparation ie to add an excess of the clay to a liter of water, shake 
well, allow to stand overnight, and then to withdraw the supernatant 
Liquid into mother bottle without disturbing the sediment on the bottom. 
‘The supernatant Liguid was the standard and the turbidity was determined 
with the Jackson Candle Turbidineter. This standard was then diluted to 
the desired values. 

Im 1930 de Loureio (35) reported using berium sulfate in glycerol 
as a cumbldtty standart. He assumed that the glycerol stabilised the 
suspension by stabilising the particle cise, 

a 1943 Hallinan (36) reported using a suspension of pyrex. The 
suspension wae prepared by shaking freshly broken pyrex chips in & 
pyrex bottle until the suspension appeared as a "dilute skin milk." 
The "dilute skim milk" was allowed to stand and the decantate was used 
as the standard, 

From 1954 to 1957 the Society of Brewing Chemists (37,38) studied 
the problem of determining the turbidity in beer. In 1957 the final 
report recomended that the standard be a suspension of formazin which 
4s the crosslinked polymer formed when hydrazine sulfate 1s aided to 
hexanethylenctetranine. 


Several authors have reported using Ludox as a standard (3,39+44). 
usdox is a suspension of colloidal silica which 4s prepared by E. I. du 
Pont de Nenours and Company and is very stable. The dilutions are also 
very stable. 

In 1957 Rodier and Faivre*Dubox (45) reported the use of a "'resine 
de mastic! prepared by the method of Dicnert and modified by Grimauld 
and Morand (46). Rodier and Faivre~Duboz also modified the Anerican 
silica scale. Neither scale seened entirely satisfactory and they 
recomended reporting turbidities as relative concentrations, 

Debye (47) recommended using e polystyrene latex for light 
scattering standardizations, Theee latexes have been studied in detail 
(39,40,48+60) and one source is the Dow Chemical Company. One big 
advantage of the Dow polystyrene latexes is that the particle diameter 
range 1s onall and is « known value. 

In 1958 Fikbmam (61) reported preparing stable turbidity standards 
from methyl methacrylate-polystyrene and benzoyl peroxide, The polymer 
‘is prepared by heating on a water bath with constmt stirring. 


Burpose of This Study 

‘This varied picture indicates that a standard method for the 
‘measurement of trace turbidities in water has not yet been established, 
In fact, several intensive studies have been begun, but unfortunately 
have never beon completed (4,7,14). The purpose of this study is to 
compare several standards and many instruments with the hope of finding 
‘both o suitable standard and a ouitable method for! determining the 
turbidity. 


CHAPTER II 
‘THEORY 


When light enters a solution it is reduced in intensity. This 
loss in intensity occurs in several vays, First, sone of the light is 
reflected by the change of medium, 4.g-, the optical faces of the solution 
coll reflect the light. This is caused by the difference in refractive 
index of the solution, the cell, and the surrounding medium. The 
decrease in intensity due to the reflection is not as significant as 
the other factors, Second, the solution may not be transparent to the 
radiation and the absorbed radiation promotes energy changes within the 
fons end molecules, Third, the solution will also scatter the incident 
bean i€ large tons and molecules are present. Both the intensity of the 
absorption and the intensity of the scattering are dependent on the 
wave length of Light entering the solution. The turbidity cf the solution 
may be moagured by either the intensity of the scattered Light or by 
the intensity of the transnitted Light. 


Light Scattering 
‘The study of scattered light was first reported by Tyndall (62) /in 
1869, In 1871 Rayleigh (63) stated the following relation for light 
scattering: 


4. amh a? (1 + cote) @1 
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where i is the intensity of scattered light per unit volume, I is the 
intensity of the incident bean, v is the unit volume of the scattering 
system, r is the distance of the observer from the scattering system, 
© is the angle between the observer and the proceeding incident beam, 
‘A 4s the wave length of the incident light, n is the refractive index 
of the medium, and 2 is the wave length of Light falling on the 
particles, where 7. is the ratio 7/n, For @ = 90 degrees the 
turbidity, 7, has been defined by Born (64) as: 


16 a 
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By substituting equation (2+1) into equation (2-2) the turbidity may 
be expressed ac: 


128 9° ve : ws 
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In order to relate equation (2-3) to experimental quantities it 
4 necessary to introduce some optical constants. For a mixture of 
Asotropic particles of a given polarizability imersed in « medium with 
a given dielectric constant the folloving relation holds: 


— «= ste @-4) 


where ¢, is the optical dielectric constant of a transparent material 
and is equal to the square of the refractive index of the material, and 
© 4s the optical dislectric constant of the mixture. Equation (2-4) 
holds regardless of the size, or shape of the particles and makes no 
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assumptions, By substituting equation (2-4) into equation (2+3) the 
turbidity can be expressed as: 
3 2 
= 807 +e)! 
i pale le 9 @-5) 
aaty 
Tt i known that v = Mc/M where N is Avogadro's mmber, © is 
the weight concentration and Mis the molecular weight, By substituting 
this value for v into equation (2-5) 


mm G3) «of (8) onsen 


index of the solvent, equation (2+6) may be expressed as: 
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is expressed as the constant H, These rélations hold only for the 

turbidities of mall particles where the dimetors ara leso than 

Af (\m= 1) ) (65) and the relative refractive index, m, is close to 

one. he relative refractive index is defined as the ratio n/ny (66). 
Im 1908 Mie (67) proposed a gencral equation for the scattering 

of Light. This has been modified by Debye (63), Rayleigh (69), Gans (70), 
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Moglich (71), Jobst (72), and Zim (73). Heller, ot al. (48,54) have 
calculated many of the Mie functions. Some of the general classifi« 
eations follow for the caces where x is defined as 27tr/ , and m ie 

the relative refractive index: (1) If m=) 0, then the Mie equation 
reduces to the Rayleigh Ratio (2-1). (2) If m21.3 and x21, thon 
the equation and ealeulations are very lengthy. (3) If m= 1,3 and 

x= 1, then the Mle series can be expressed with sufficient accuracy as 
the sum of terme involving the contribution to scattering by the magnetic 
dipoles moments, the electric dipole and quadrapole moments. (4) If m 
4s approxinately one, then for particles with a dimension equal to the 
wave length of Light, or greater, each volume element of the particle 
will scatter light according to the Rayleigh Ratio (2+1). For thie 
region the Rayleigh+Gans theory (69,70) i best. 

Turbidity as given by equation (2-2) and by equation (28) is 
termed as the relative turbidity, and it may vary from instrument to 
instrument for a given suspension. Brice, st al. (2) have developed an 
instrument for measuring absolute turbidities. 

‘The absolute turbidity varies from the relative turbidity by 
several correction factors, The actual irradiance, I,, at the photo- 
tube diffusor, after inserting appropriate factors for effects resulting 
in losses and gains in irradiance, is: 


I, = 3.045) Ig TCw,L b) 7, + @e10) 
torre? [1 = Gb/e) (a = 19/1 


Included are: the refraction factors, {1+ (b/:)(n - 1)/n ln; « 
factor 1.045 to adjust for the effective increase in irradiance due to 
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the reflection of a portion of the traneaitted bean on emerging from 
the scattering cell; the reduced volume contributing to the scattered 
radiation, the reduced volume is defined by Wl h where W, is the 
width, Lis the length, and h 1s the depth; and a factor T,, the 
transmittance of the filled scattering cell, to account for losses by 
surface reflections and attenuations by scattering and by solvent 
aboorption. The irradiance at the phototube diffusor (with the coupen~ 
sating cell in place) is: 


no Ip (WL) TD Ty ey 
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‘The correction factors in this case are: The factor for the fore= 
shortening of r, x” [1+ (/x)(n + 1)/n)?; the reduced area, Why 
contributing radiation to the receiver: a factor T,, the traneaittance 


of the filled compensating cell to account for losses by surface 
reflections and attenuations by scattering and by solvent absorption; a 
diffusor correction, D, to adjust for deviation of the standard opal 
Glass from a perfect diffusor. 

"By atviding equation (2+10) by equation @-11), 1,/t,, the ratio 
of irradiances at the phototube diffusor for the scattering suspension 
and the standard diffusor, is obtained. In equation (2-10) and (2-11) 
it has been assumed that h, W,, and L are small compared with r, and 
sone of the integrations used in developing the correction factors are 
for limited volume elements. Solving for turbidity in the equation for 
Ig/g ives: 


w. Wetter, @e12) 
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I,/Tg can be replaced by G,/G,, the ratio of the galvanouster deflections 
multiplied by the tranonittance of the neutral filter or filters used 
when reading G,, The final geometric factor of the equation is h, the 
depth of the bean, The ratio of the transmittanees, T/T,» has not 
been convenient. In this method the ratio T,/T, may be replaced by the 
value aR,/Ry, where a is a constant and R,/R, is the residual refraction 
correction which is 


constant for a given solvent. Making the above 


oubstitutions in equation (2-12): 


ve WT Dao, , 13) 
3QL.005)h Re Og 


‘This equation is used to relate the galvanometer deflections to the 
absolute turbidity in the Brice-Phoenix Light Scattering Photometer (74), 


Adght Txanemtesion 
The anount of Light tranonitted is that portion of the incident 
‘bean which reaches the detector. In other words the trenenitted light 


io that which is left, or T, = Ip - (i, +%,+1) (rl) 


where I 1s the intensity of the transmitted Light, Ty ts the intensity 
of the incident beam, I, is the intensity of the scattered light, I, 
io the intensity of the absorbed light, and I, is the intensity of the 
reflected Light. 

Ie 2 monochromatic bean of Light of intensity 1, passes through « 
solution thickness db, the intensity of the transmitted Light will be 
Jp - aly. This process may be continued many times, and the ratio of 
the absorbed intensity to the incident beam will be constant. As db 


‘approaches sero the decreases in light transmitted becone equal, and 
the anount of Light transmitted becomes approximately equal because aI 
will be onall compared to Ip. The value =4I/t, 4s proportional to the 
number of absorbing centers per cubic centimeter of solution. If q isa 
proportionality constant dependent on the wave length of Light then 


“Ig = aa. (2-15) 


Integrating equation (2-15) with the limits where I varies from 1, to 
Tg and N varies from 0 to N, then 
n/t) = ahs 2-16) 


Equation (216) is known as either the absorption aw or Beer's Law (75). 
The number of centers in 2 given volume of unit cross sectional 


area is given by 
N= egilgh x1 on? 17 


where ¢, is the concentration in moles per cubic centineter, Ny is 
Avogadro's number, 4,¢., 6 x 1073, and b 4s the cell length in centi- 


meters. Let 


Vs cyt axlen? . @-18) 


By substituting equations (2-17) and (2-18) into equation (2-46) and 
changing to common logarithms the equation becomes: 


2.903 log G/T) = Te. @-19) 


16 
In order to obtain an expression for turbidity in terms of the intensity 
of the transmitted Light, equation (2619) is solved for Y , 


Te 2303 106 Ip , 
> Tp 
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The tera log (Ip/T,) is know as the absorbance, A. Substituting 
‘A Ato equation (220) gives an expression for turbidity in terms of A, 


re 29034 


1-21) 


Equation (2+20) end (2-21) are the same equation as (1-2). 

From equation (2-21) it is noted that the turbidity is directly 
proportional to the concentration at a given wave length. For a given 
b, T= KA, and A varies directly with T. This suggests a con- 
venient measure of concentration by turbidity. A plot of A versus ¢ or 
‘Tverous ¢ yields standard curves. Doty and Steiner (76) have introduced 
Q, the particle dissipation factor, vhich is a factor to correct the 
observed turbidity to the value it would have been in the absence of 
interferences. Q characterises the ability of the particles to dissipate 
Light from the incident bean and is useful in correcting turbidities of 
‘more concentrated suspensions. 

Rose and Llyod (77) have derived an expression for In (Tp/T,) 
which takes into account the surface area of the particle and the area 
unobstructed by particles: 


into = Redd, nay (222) 
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where Ky 4s the average of the opacity factor, ¢ is the concentration 
im grams per cubic centimeter, b is the path length in contineters, 


is the mmber of particles, d is the diameter of the particle in centi- 
meters, 3, is the smallest particle, and 2, is the largest particle, If 
A, 48 the projected ares of all particles, then 


= 
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(2-23) 
Lear, 
By substituting A, in equation (2422), the equation become 
In (p/p) = AL be @-28) 


By eliminating In (1,/%,) between equations (2-19) and (2-24), the 
reoult ic Tb = Ab, or T= A. This relation indicates that the 
turbidity ts equivalent to the projected area of all of the particles in 
suspension, This relation ascumes that no particle is in the chadow of 
‘another particle, 

‘These relations of turbidity and transuitted Light are Limited) 20 
colorless turbidity unless it has been determined that the color 
absorbing species does not abosrb at the wave length of Light used for 
the curbidity measurements. In the case of colorless turbidity the 
mount of light absorbed is negligible and the transaitted Light is 
directly related to the anount of scattered light. Equation (2-14) 
reduces to 


% "he? 8 (2-25) 


for colorless turbid suspensions. 


Refractive Index 
‘At first glance the refractive index appears to be a good measure 
of the turbidity, However, since the ratio (n + np)/e is constant for 
any solvent-solute system (78), the refractive index is not a quanti~ 
tative measure of the turbidity. 


Waxiation of Wave Length 
‘The scattering ratio is known to be a function of the particle 
size (7,8,66,79), By varying the wave length of light the scattering 
ratio varies inversely as the yth power of the wave length as shown by 
the general equation (80): 


Tllp = kexr?G/a™ , -22syed (2-26) 


where k 4s a constant, ¢ 1s the concentration, x is the depth of the 
suspension, r ie the radius of the suspended particles, A is the wave 
length of Light used in making the mensurenent, and y depends on the 
‘pize of the suspended particles, ‘The exponent y decreases as ¥ increases. 
All of tne proposed equations are en attempt to describe what is oceur- 
ing in the system, The value of y is constantly chaging with the 
change in particle size and the whole integers are just approximations. 

Since I) = 1, + I, or Tt = 1 = Te for colorless 

% y 

turbid suspensions 4t is expected that ac Z, increases, 1, will decrease, 


The quantity 1,/%) ie approximately equal to oTt0 sass he Cami 


(1 + x) Se approxinately equal to e"*, Applying this relation to 


i 
equation (2-26) an equation for I,/Ty is obtained. 


-kexr G/a)” 
Illy = 8 é “2.24 y £4, (27) 


or in terms of absorbance, equation (2-27) becomes: 
Ae kexst @/ayy, *2.24y 4h. (Ro8) 


Substituting equation (221) into equation (2=28) the expression for 
turbidity ts (61): 


\ 
= wera’ , Perers (29) 


Equation (2-29) indicates that the turbidity 1s dependent on both the 
size of the particle and on the wave length of light used in making the 
moacurenent, It also indicates that ££ the particle size, the wave 
Length of Light, and k" remain constant then the turbidity should vary 
Linearly with the concentration of suspended material. 

The differences in particle size can be estimated by the comparison 
of the turbidities of a given material in equal concentrations. Infor 
mation concerning the particle size may be obtained by means of the Mie 
theory by (1) observation of the transmitted light as a fimetion of wave 
Length, (2) measurement of the intensity of the scattered light as a 
given wave length, (3) determination of the color of the scattered 
Light, and (4) deteraination of the polarisation of the scattered light 
at a given wave length (82). 


CHAPTER IIT 
EXPERIMENTAL 


Tnatzuments and Equipment 

‘Dwbidineters. Mine instruments were used to determine the 
turbidity of prepared suspensions. 

A Brice-Phoenix Light Scattering Photometer Series 1965 produced 
‘by the Phoonix Precision Instrument Company wae used to determine the 
absolute turbidity of the suspensions, It is equipped vith a high 
Pressure mercury vapor lamp type Alle3, 85 watts, Filters are used to 
deolate the various mercury lines and the detector is a photomiltiplicr 
tube, The photometer used in this research is equipped with a gal- 
vanoueter with a sensitivity of 0.0015 a/mm. The absorption cell used 
in this research was the 30 um, by 30 mm. square cell. 

‘A Becknan Dk-2 Ratio Recording Spectrophotometer was used to 
determine the variation of turbidity with wave length for the sus= 
pensions, This instrument is equipped with both tungsten and hydrogen 
‘amps and the photomultiplier tube was used exclusively as the detector. 
Both 5,001 and 9.997-cm. quarts absorption cells were used in making the 
measurenents. 

‘A Beckman DU Quarts Spectrophotoneter was used to determine the 
turbidity by transaission methods. The instrument used in this research 
‘was equipped with « tungsten Lamp source and two phototubes (red and 
Dlue) which served as the detectors. This instrument was equipped with 


a 


Jong coll compartment so that both 5 and 10cm, absorption cells could 
be used, ‘The power supply was a storage battery with a line operated 
charger which was furnished by the Beckman Instruments Co, 

‘The following instruments were used to compare turbidity data for 
{2 @ Beckman Model B Spectrophotomster; a Bausch and Loab 
Spectronic 20; a Photovolt Corp, Lumetron Model 450; a Phipps and Bird 
St, Louis Turbidimeter; a Jackeon Candle Turbidimeter; and a Hellige 


‘Turbidimeter, 


‘Table 


‘The Jackson Cndle Turbidimeter was used to determine the turbidity 
of the stock suspensions. 

Balances. Yor all analytical weighings a Mettler Model B=6 
Balance with an accuracy of ++ 0.02 mg, was used, For rough weighings a 
triple bean Ghaus Laboratory balance was used. 

Blsndor. A Waring Blendor was used for blending certain of the 
clay samples, 

MALL, A Wiley M11, Yodel 2 equipped with « 100-nesh screen was 
used to mill the clay samples. 

Sieve. A Tyler 325-mesh sieve was used to sieve the clay samples. 

Gonteifuge. An International Equipment Company Centrifuge operated 
at 1500 rpm was used to centrifuge come of the clay samples. 

Inradiator. A Fisher Infra Rediator was used to evaporate the 
solvent for the determination of the total dissolved solids in the clay 
euspensions. 

Shaker. A Precision Scientific Company shaker vas used in the 
‘steving of the clay samples and in the preparation of clay suspensions. 


Bloctrodislysis cell. A plexiglass dialysis cell was used in the 
electrodialysieof the clays. This cell was equipped with a copper 
cathode anda graphite anode. Parchment paper was used as the menbrane 
to separate the cell conpartuents. 

Mixora. Mog-Mix magnetic stirrers were used throughout this 
research. 

‘BH-ueter. A Beckman Model G pH Meter was used for all pH 
determinations, Both a standard glass electrode and a blue tip glass 
electrode were used with the saturated calomel reference electrode. 

Glassware. Wormax pipettes and Normax, Pyrex Grade A, and Kinble 
Exax volumetric flasks were used in this research, 

Refractometer. A BricesPhoenix Differential Refractoneter was 
used to determine the refractive indices of the suspensions. 


Preparation of Standards 

‘Turbidity free water. The first problem was to obtain the water 
with the lovast possible turbidity, The method used to determine the 
relative quality of the water was to measure the absolute turbidity on 
the: Brice-Phoenix Light Scattering Photometer. The waters investigated 
included: water distilled from the chemistry department still; boiled 
Aistilled water; deionized water from a Permutit deionizer; boiled 
deionised water; triply distilled water produced by a Model 30B1-26 
Barnstead Still; boiled triply distilled vater; and Harleco turbidity 
free water sold by the Hartman-Leddon Co. The triply distilled water 
Proved to have the lowest absolute turbidity and was used in all 
Ailutions and preparations in this research, 


‘TABLE T 
Sources of Materials® 


Particle Conc. in 


Material ‘Diameter per cent Lot Number Source 
Polystyrene ‘The Dow Chemical Co. 
‘Latex 88m. 10.00 L8-0400A The Midland Division 
Polystyrene 
Latex 


158 me ——«1026S~05S-A The Dow Chemical Co. 


Polystyrene 

‘see 264 ye 18+057-4 ‘The Dow Chemical Co. 
Polystyrene 

pie 365 me 10.00 L6s06IeA The Dow Ghemtcal Oo, 
“ee 557 y+ 9.92 Lew063eA The Dow Chantal Go, 
Polystyrene 

‘Tatex 


Sth a» = 10.70 1S-066-A The Dow Chemical Co, 


9.98 US-067-A The Dow Chemical Co. 


15.20 61612033, I. du Pont do 
Wenours and Co., Tne. 


29.60 Go+3413-85 E. I, du Font do 
Nemours and Co,, Inc. 


- - The Floridan Company 


~ rm ‘The Anerican Colloid 
Company 


Kaolinite - - - ager Plastic Company 


mite - 7 36 Ward's Natural Science 
Eotablishment 


Free Water - - 20001, Hartnan-Leddon Company 


Material Diameter per cont Lot Number Source 
‘Turbidity 
Standard 
10 pa - 0,001 20002 Hartman-Leddon Company 


411 common chenicals used in this study ware of reagent grade, 
70-80 per cont pass © 325-nesh sieve, 
90695 per cent pass dry 20 to 70-mesh sieve. 


Suspensions of ionic somounds. Suspensions of stlver chloride 
were prepared by adding a measured volume of 0.0028 § sodium chloride 
to a measured volume of 0.0028 4 silver nitrate in triply distilled water 
in an Erlenmeyer flask. These suspensions were prepared in senidarkness, 
the turbidity measured, and the suspensions were then stored in the dark. 

Suspensions of barium sulfate were prepared according to Standard 
Methods (83) by the dilution of measured amounts of 0.02 9 sulfuric 
acid to 50 ml, in a 250ml. Erlenmeyer flack, Exactly 10 ml..of acid» 
salt solution (4 | NaCl in 0.2 N HCl) was added to the sulfate and was 
mixed with a magnetic stirrer. Approximately 0.5 g. of barium chloride 
dihydrate crystals was added to the above solution and stirred for a 
definite period of time (from 45 sec. to 3 min.). The suspension was 
allowed to stand for exactly 4 minutes and the turbidity was then 
measured. The suspensions were stored in the flasks with rubber 
stoppers. 


Suspensions of calcium carbonate were prepared by adding a weighed 
sample of Purecal U, precipitated calcium carbonate of a very fine 
particle size, into a volumetric flask, diluting to volume, shaking, and 
measuring the turbidity. 

‘Suspensions of clays. Suspensions of the following clays were 
studied: Volelay Bentonite; Floridan Pullers Earth; Edgar Kaolinite; 
and Ward's ILlite Wo, 36. The sane procedures were followed for cach of 
the clays. 

‘ALL of the clays were prepared in the dry state as follows: The 
clay was milled to pass a 100-nesh screen, and then ground in an agate 
mortar with an agate pestle and sieved vith a 325~mesh sieve, This 
sieved clay vas used in all further steps in the preparation of the clay 
suspensions. 

‘The first procedure was to add a weighed sample of clay to the 
desired volumetric flask, dilute to volume, ehake, and read. The first 
modification was to blend the clay and water before the final dilution 
to volume, The mext modification was to omit blending, and to shake at 
intervals before the final dilution to volume. After the final dilution 
to volume, the suspensions were again shaken and the turbidity was 
measured. 

‘It was hoped that the electrodialysis of clay, followed by the 
addition of sodium hydroxide to raise the pl to a value of 9 would 
produce a stable suspension. The clay was electrodialized util no 
change in current was observed over a 24-hour period. The electro 
falised clay vas then dried at 105 degrees C., ground, sieved, weighed, 
suspended in water, titrated vith NaOll, and finally was diluted to 


volume, 


‘Another recomended method of preparation of clay suspensions is 
to suspend an excess of clay in triply distilled water. ‘The suspension 
eo thoroughly shaken and is allowed to settle for 24 hours, The supers 
natant Liquid is withdraw, without disturbing the sediment on the 
bottom, and is used as the stock suspension, The weight concentration 
of the stock suspension is determined by evaporating 2 known volume to 
dryness, 

For additional stability the clay stock suspension should be 
centrifuged to renove the larger remaining particles, 

The stabilizing agents investigated in this study were potassium 
ferrocyanide and sodium hydroxide, The latter was used to raise the 
value above 9, The ferrocyanide vas added, as a solution which 


to 
contained a known weight per unit volume, in each dilution just before 
the final dilution, The pli was adjusted by diluting the suspension to 
‘a certain volume and then titrating to a pli of 10 with 0,1 4 NaOH, The 


suspension was then diluted to the final volume. In order to obtain an 
equilibrium pi of 9 an excess of base must be present initially, since 
clays reach tonic equilibrium very slovly. Each clay suspension was 
allowed a 5 minute interval to come to equilibriun with the pH meter 
Jectrodes before the pli measurement was made. 

‘Tt ts recommended that the following procedure be used if clays 
exe to serve as standards, Approximately 5 g. of the clay should be 
suspended in 2 Liters of triply distilled water, shaken for 30 minutes, 
and allowed to settle for 24 hours. The supernatant Liquid should be 
withdrawn without disturbing the sediment on the bottom. The super= 
natant liguid ie then shaken and centrifuged for 15 minutes at 1500 rpm. 
‘The Genteifiigete is withdram without disturbing the sediment on the 
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bottom of the centrifuge tube and is labeled as the stable stock 
suspension. This stock suspension can be diluted as desired. In order 

to obtain the weight concentration a known volume of the suspension is 

‘evaporated to dryness and weighed, The following variations may prove 

to be necessary in special cases. In order to suspend the excess clay 

tn water it may be necessary to blend for 1 minute to prepare on initial 
clay syrup of evelling clays, Certain stabilizing agents must be added 
in the dilution processes, 

‘Suspensions of formazin, The formazin stock suspension was 
prepared by adding 25 ul, of 1 per cont hydrasine sulfate solution to 
2,500 g, of hoxanetihylenetetranine in 25 ml, of triply distilled vater, 
‘The mixture vas stirred for 2 hours with « magnetic stirrer to increase 
the speed of polymerisation, This stock suspension was then diluted 
with triply distilled water. In order to obtain the suspension mown 
‘as 1000 FTU (formanin turbidity units), 29 ml, of the stock suspension 
was diluted to 2 liters, Sinilarly when 14,5 ml, of the stock suspension 
vas diluted to 2 liters the euspension known as 500 FTU vas obtained, 
Bven more dilutions were obtained by further dilution, 

‘Suspensions of polystyrene latex, Suspensions of polystyrene latex 
were prepared as follows: A know weight of the 10 per cent polystyrene 
latex stock vas weighed into a snall volumetric flask and then diluted 
to volume, ‘Ten ml. of this turbid cuspension vas diluted with triply 
distilled water to 2 Liters. ven more dilute suspensions were obtained 
by further dilution. 

‘Suspensions of Ludox. Suspensions of Ludox were prepared by 
Ailution of the concentrated stock suspension with triply distilled water. 


‘ndox suspensions in 0,05 Ml NaCl were also prepared. The only difference 
in the preparation was that the necessary weight of sodium chloride was 
added in the dry form to the volumetric flask before the addition of the 


Ladox. 


Brocedure Used in Pilling Absorption Calls 

In all measurements the absorption cell was washed three tines 
with the solvent, triply distilled water, and then rinsed three tines 
with the Liguid to be measured before filling the cell with the liquid, 
The coll faces were first wiped with Kleenex tissug and then with lens 
paper, ‘The cells were always placed in the sane position in the 
instrument, The anount of scattering produced by the triply distilled 
water vas taken as the criterion for the cleanliness of the light 
scattering coll, The limiting value was established 
at 436 ma. If additional cleaning was necessary the following procedure 
was used: The cell was first sosked for 3 minutes in 6 HCL, rinsed 


6.0 x 10° en," 


with generous amounts of tap water, washed with detergent solution 
followed by successive rinsings with tap water, deionized water, and 
finally with triply distilled water. 


Erocedure for Stability Studies 
The suspensions of formasin and of polystyrene latex were stored in 
carefully clemed 2,5-iter pyrex glass bottles. The suspensions of 
Iudox and of the various clays were stored in carefully cleaned 2-liter 
polyethylene bottles. These suspensions were all stored at roos 
teuperature, The stability of the suspensions was determined by the 
absolute turbidity as measured with a Brice-Phoenix Light Scattering 
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Photomster. The suspensions were read at regular intervals depending on 
‘the suspension, previous stability data, and the information desired. 
‘Tho stability data are listed in Tables X to XXKIX, 


Procedure for Comparison Study, 

Representative samples which contained approximately 3 ppa of 
suspended material vere read on the following instruments:  Lumetron 
‘Model 450, a Spectronie 20, a Beckamn Model B Spectrophotoneter, a 
Beckman DU Quarts Spectrophotoneter, a Beclman DX2 Ratio Recording 
Spectrophotometer, a St. Louis Turbidineter, a Hellige Turbidineter, 


and a Brico-Phoenix Light Scattering Photometer. Turbidity vas calcu 
Jated in ex,” and the results are chowa in Table TX. 

The variation of turbidity, as determined on a Beclnm DU Quarts 
Spectrophotomater, with respect to concentration and to particle size 
40 shown for the polystyrene latex samples in Figure 3, 


Determination of Refractive Index 
‘The recommended method of the manufacturer for the determination 
Of refractive indices using the Brice-Phoenix Differential Refractometer 
was followed, 


CHAPTER 1V 
DISCUSSION OF RESULTS 


‘Turbidity Ere Hater 
‘The criteria for turbidity free water are that it have the lowest 


possible turbidity, that it be easily obtained, end that the turbidity 
renain constant. It was realised that no water 1s sbeolutely free of 
turbidity, Goring and Napier (84) reported an absolute turbidity at 
6 x 10° en.” cor pure water. They attributed the 


SW ap of 2 
turbidity to the fact that water molecules form scattering centers and 
that foreign particles, which scatter light, are always present, An 
absolute turbidity at 436 mp of 2.5 x 10° on." uas obtained with atx 
using the Brice-Phoenix Light Scattering Photometer. The waters investi+ 
gated include Harleco turbidity free water, singly distilled water, 
boiled singly distilled water, deionized water, boiled deionized water, 
triply distilled water, and boiled triply distilled water. Table IT 
shows the data obtained at 436 ma. 

SSmIR OF QemRRSEA TRINA Sy Rese wee AS RR ee 
Hartnan-Leddon Co. (Harleco). This water had a turbidity value which 
was higher than the waters avaflable in this laboratory. 

Singly distilled water is piped into the lsboratory. Both raw 
singly distilled water and boiled singly distilled water were studied. 
The fluctuations in the turbidity in the raw singly distilled water was 
within the range of experimental error, but the large increase in 
turbidity produced by boiling indicated the presence of impurities. 

x» 


a 


‘TABLE IL 
‘Turbidity in en.) of the Various Waters 


ee 


Water 1 Day 1 Wook = 1 Month 4 Months 5 Months 
EEE 
Harleco 0.000143 0.000153 == - - 
Singly Distilled 9.000097 0.000076 0.000081 == - 
Boiled Singly Distilled 0.003000 0.004100 0.003199 =: - 
Deionized 9.000090 9.000110 0.000148 9.000300 0.000380 
Boiled Detonized 0.000120 == - - - 
‘Triply Distilled 9.000057 0.000054 0.000055 == 0.000062 
Botled Triply Distilled 9.000081 = == - - - 


Both raw and boiled defontxed water from a Fermutit deionizer were 
studied, The increase in the turbidity produced by boiling was within 
the range of experimental error, The fact that the turbidity of the raw 
deionized water did not renain constant with time is attributed to the 
aging and breakdown of the resin bed of the deionizer, 

Triply distilled water from a Barnstead Still vas aleo studied, 
‘Again the inerease in the turbidity value caused by boiling could be 
attributed to experinental error. The triply distilled water had the 
lowest turbidity value found in any of the waters investigated. The 
turbidity of this water ronained constant with a value of 6,0 x 107° ea," 
at 436 ye, and a value of 3.4 x 10° ea." at 546 mon This water was 
‘used for all dilutions in this study. 


Turbidity Standards 
‘The criteria for « standard are, a turbid stock suspension which is 
easily prepared, has reproducible turbidities, and which can be diluted 


to form turbid suspensions which will be stable for a period of at least 
two to three months, The stability depends on the material, the method 
of preparation of the suspension, and on the size of the suspended 
particle, In this study suspensions of several types of materials have 
been investigated including ionic compounds, various clays, polystyrene 
latexes, formazin, and Ludox. 

‘Tonic compounds. Suspensions of several ionic compounds have been 
investigated on a short-term basis, All of these suspensions proved to 
be unsatisfactory, 

Suspensions of calcium carbonate were investigated, These sus- 
pensions settle so rapidly that false values are obtained with Beckum’ 
DU and Dk+2 Spectrophotometers unless the suspension is shaken constantly. 
Table IIT shows the turbidity values obtained with a DU by shaking before 


‘TABLE IIT 
‘Turbidity Values of Calcium Carbonate Suspensions 


Aisa 1%, Yin en, 2, Yin on. 3°, Yin on,"2 
600 0.350 0.253 - 
500 0.403 0,138 - 
415 - 0,092 0.276 
400 0,429 0,092 0,138 
350 0,438 0.081 0.103, 


“Suspension shaken before cach measurement, instrument DU, 
*suspension shaken before the 600 ya measurenent, instrument DE-2. 
Sduspension shaken before the 475 mq measurement, instrument Die2, 
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cach measurenent, making an approximate reading, shaking again, and 
rapidly measuring the turbidity value, Table III also shows turbidity 
values obtained with the DK-2 with the suspension being shaken only 
before the first value was obatined. The DU values indicate that the 
turbidity value should increase with a decrease in wave length, but 
the settling 1s so rapid that the reverse is indicated by the Di-2 
values, the scanning tine vas a few minutes, the shortest possible time, 
Suspensions of barium oulfate were investigated. Table IV shows 
the effect of time on the turbidity of these suspensions. The rapid 
rate of change indicates that the particle size is changing and that the 
compound is mot a suitable turbidity standard, 


‘TABLE 1 


‘Turbidity in en.“ of Barium Sulfate Suspensions 


19.2 1962 38.4 038.4 5765766 
350 436 350 496350 436 


° 0.414 0.253 0,805 0.483 «1,772 1,263 
4 0,460 0.295 0,944 0,692 1.405 1,205 


Suspensions of silver chloride were also investigated since much 
of the turbidity work in the past has been done using silver chloride 
suspensions. These suspensions were light sensitive and studies were 


carried out in semidarkness. Table V shows the effect of age on silver 


chloride suspensions. The effect of charge and of an excess common ion 
on the stability is also chown. The chloride ion apparently is a better 
‘stabilizing exeess common ion than the silver ion, urthernore the most 


ery 


stable suspension is formed when the ions are present in the ratio of 
one silver ion to two chloride ions. The requirenent of senidarimess 
makes eny silver halide suspension an undesirable standard regardless 
of the stability. 


‘TABLE V 


at 345 mse of Silver Chloride Suspensions 


0,414 0.873 0.712 0.528 0.621 == 0.528 
0,368 == ~- - => 0.782 0.402 


ow ee 


0.333 0,873 0.712 0.345 0.621 0.758 0.356 


Various clave. Your representative type clays were studied in 
detail. The method of preparation of the clay suspension is the chief 
factor in the stability of the suspension, All methods of preparation 
lead to rapid settling except when the suspensions are prepared by the 
procedure recommended in Chapter III, Table VI shows four consecutive 
measurements of the turbidity of the representative clays when the sus 
pension was not prepared by the recomended method, ‘These data indicate 
settling which indicates that the particle size must be snall, and that 
the particle size éffects the stability of a suspension. 


‘TABLE VI 
Consecutive Measurenents of the Turbidity" in on.” of Clay Suspensions 


——— 


Chay’ Kaolinite Bentonite lite Fullers Earth 


eR aOR 
‘Mine in Minutes 

° 0.001580 0.000688 «© 0,000781 0,001378 
0.001472 0.000676 +=» 0.000700 0.001378 
0.000925 0.000658 ©» 0.000655 0.001362 
0.000802 «0000600 0,000635 0.001346 


LN 


ALL turbidity measurements were made at 436 m~ with the Brice 
Phoenix Light Scattering Photoneter. 


one. 


>a11 suspensions contained an estimated 5 ppm of suspended clay. 

Tables X-XIX give the stability data for the clays studied and the 
effect of stabilising agents, It is indicated by Tables X, XI, XI, XVI, 
and XVII that clays neod come stabilizing agent. The effectivences of 
potassium ferrocyanide varies with the clay studied, Preliminary studies 
on the effectiveness of potassium ferrocyanide as a stabilizing agent 
were made. Tt appeared that the best dosage for stabilising suspensions 
of fullers earth and bentonite was 2 ppa. Tables XIII, XIV, and XVII 
give the data obtained from a longexange study. The effectiveness of 
potassium ferrocyanide is limited to a period of less than 2 vocks, A 
dosage of 5 ppm seens to be the best dosage for suspensions of i11ite, 
Kaolinite suspensions do not seen to be stabilized by potassiun ferroe 
cyanide, ‘ 

Sodium hydroxide appears to be a fair stabilising agent as the 
data in Tables XV and XIX indicate. The dosage used was the amount of 
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sodium hydroxide necessary to raise the equilibrium pl of the suspension 
above a value of 9.0, The effect of sodium hydroxide on kaolinite and 
‘1Lite suspensions was not investigated. 

Michaels and Morelos (85) indicate that stable suspensions of 
kaolinite can be prepared by converting the so-called hydrogen form into 
the sodium form with sodium hydroxide, The suspnesion should have « pli 
above 8.5, The disadvantage of this suspension is that the hydrogen 
fora is prepared by electrodialysis, Grim (86) indicates that electro= 
Aialysis leads to the decomposition of the clay lattice, and states that: 

Wunerous investigators have indicated that the electro- 

dialysis of certain of the clay minerals may cause their 

decomposition. Kelly has chown that, as the cations 

are replaced by H*, aluminum moves from octahedral positions 

to exchange positions, and Hofman and Giese have show 

that, in general, unexchangeable cations are lost from 

within the lattice before all the exchangeable cations 

are replaced by Ht. 

‘The hydrogen forn of kaolinite was prepared by electrodialysis, 


‘Table VII shows the effect of varying the pl of the suspension, The 


‘TABLE VII 
Turbidity® in en." of suspensions of Hydrogen Yorn Kaolinite? 


gut tbetim pl Saal SE ented aad 


6.58 0.001472 0.001440 
7.28 0.002100 0,001970 
8.69 0.001940 0.001665 
9.70 0.003410 0,002980 


“ALL turbidity measurenents vere nade at 436 m with a Brice- 
Phoenix Light Scattering Fhotonster, 


A121 suspensions contained an estimated 5 ppm of clay. 
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change in pH does not help the stability since all of the suspensions 
settled rapidly. All electrodialysis studies of clays were discontinued 
because of this lack of stability and because of the decomposition of the 
clay lattice reported by Grim. ‘ 

‘The Hartman-Leddon Coupany produces a comercial turbidity standard 
of fullers earth. It was found to settle quite rapidly as Teble VIIT 
indicates, Tho turbidity values in this table were obtained on « Brice= 
Phoenix Light Scattering Fhotometer at 436 m=. These turbidity values 
indieate that this standard is not a stable suspension. 


‘TABLE VEE 
‘Turbidity in oa.“t of the Harleco Fullers Earth Standara* 


Tine ta Kinstes Ds a 
o 0.001252 0.000302 
s 0.000792 0.000169 
4 0.000690 0.000129 
6 0.000566 - 
8 0.000495 - 
w 0.000455 - 


“concentration of fullers earth is 10 ppm. 

Hommazin. Yormasin is an easily prepared, reproducible standard 
Polymer, Its stability is limited and is a function of the tine between 
shakings. For short periods of time this polymer makes 
standard, Tables X%-XXIII chow turbidity with both concentrations of the 


suitable 


polymer and time as variables, It is noted that up to a point the more 


frequent the shakings the greater the stability. Atter six weeks tine 
the interval between shakings does not affect the stability. The 
fornazin polymer settles on standing and must be shaken vigorously to 
resuspend the polymer. The rate of settling is more rapid as the 
concentration increases, but the rate is too slow to be observed either 
with the human eye or with consecutive instrunent readings, One of the 
good qualities of the formazin suspensions io that the turbidity values 
of the freshly prepared suspensions are fairly reproducible. The 
turbidity values for the fresh suspensions in Tables XX-XXIII agree very 
closely with an average deviation from the mean value of less than 2 per 
cent for the more concentrated suspensions. The decrease in the 
turbidity of the more dilute suspensions is more rapid than the decrease 
im the more concentrated suspensions. 

nig. Ludox is a suspension of colloidal silica with a very 
omell particle diamater. The stability of the Ludox suspensions is shown 
4m Tables XXIV and XW. From those results it appears that triply 
Aistilled water is a better stabilizing agent than 0.05 M WeCl. This ts 
the reverse of what Goring, et al. (40) reported. The variation in the 
turbidity values of the 300 ppm and 30,000 ppm suspensions are so saall 
that the variation in the turbidity values could be attributed to an 
error in the galvanoneter reading. If the stability were the only 
Property of a standard, Ludox vould qualify. ‘The big problen with this 
colloidal silica is that it must be present én 2 high concentration and 
im the concentrated form the sugpénsions attack soft glass, hands, and 
other items. 

Bolystyrene latex. The stability data for suspensions of the 
polystyrene latexes are shown in Tables XXVI-KXKIX, ‘The most stable 
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suopensions of the polystyrene latexes appear to be the suspensions of 
polystyrene latex with particle diameters of 89 ya , 180 ya, 264 m0, 
aed BS Bee ‘In some cases the variations in turbidity are so small 
that the error could be attributed to an error in the galvanometer 
reading. Another desirable factor about these polystyrene latexes is 
the fact that the concentration is known to 0.01 of 1 per cent with 

@m accuracy of 1 part per thousand. These suspensions are very easy to 
handle and a small weight of polystyrene latex produces a suspension 
exhibiting high turbidity values. 

‘The 68 w~ dismeber polystyrene latex Souas very stsble, suapensions: 
as Tobles XIVI and XAVII indicate. ost of the tublidities of the suse 
pensions varied less than 2 per cent in the 12-week period, and the 
variation can be attributed to experimental error. The 0.58 ppm sus~ 
pension had visible threadlike particles in it and apparently was 
contaminated at some time when the bottle was opened for a measurement. 
The value of 1,5 x 10 en,” ¢or the fourth week for the 0.29 ppm sus= 
pension was apparently in error. ‘The conoentengion Of the $3 g~ écouter 
polystyrene latex suspensions 1s larger because of the saall particle 
diameter. As the size of the particle increases the sensitivity per 
particles and the wave length of the light used in the measurement are 
the same value, 
indicated in Tables XXVIII and XX, The turbidity values vary slightly 
Mare Reem 6 08 5 dteotar menpenetone. No explanation can be given 
for the suspensions of 0.28 and 0.14 ppa. 


‘he 264 ma diameter polystyrene latex forms stable suspensions as 
indicated by Tables XXX and XXX, ‘The particle size has increased and 
the time that the suspensions are stable has been shortened. At the end 
of 6 weoke the values have renained fairly constant and the variation is 
about 2 per cent except for the extrenely dilute suspensions. By 8 weoks 
the lack of stability is indicated, and the 10-veck data confirmed this 
lack of stability, Something unexplainable is occurring in the 1,08 and 
0.54 ppm suspensions. Apparently the 0.054 and the 0.055 ppa suspensions 
are so dilute that the amount of polymer stabiliser prasent in the 
initial stock has been diluted beyond the limits of usefulness, ‘The 
value of 3.8 x 10™ om." for the second week of the 0.27 ppm suspension 
appears to be in error. 

The 965 m diameter polystyrene Latex also forms stable suspensions 
‘as indicated by Tables XXXII and XKKIII. Again the increase in particle 
diameter has shortened the time that the turbidity value of the euspension 
‘remains relatively constant. At the end of 6 weeks the suspensions 
appear to be stable and the fluctuations in the turbidity values can be 
experimental errors. At the Seweek measurenent the fluctuations in the 
turbidity values have increased to 4 per cent in come cases and in 
others it is as high as 8 per cent. ‘This large increase does not neces= 
sarily indicate a poorer stability reading because the error inherent in 
the galvanoneter is not Linear with the sise of the deflection and the 
relative error is also not linear with the size of the deflection, One 
interesting fact 1s that as some of the 365 mx diameter polystyrene 
latex suspensions becone unstable a increase in the turbidity value is 
noted rather than a decrease. This is especially noticed in the more 
Ailute suspensions, 4. ¢., the 0,05, 0.10, and the 0.03 ppm suspensions. 
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The 557 yu diameter polystyrene latex suspensions are not as 
stable as the suspensions of the oualler dianeter polystyrene latexes 
as shown by Tables XKKV and XUV. The limit of the stability with any 
suspension of the 557 yu diamater polystyrene Latex is apparently 
between 4 and 6 weeks. 

Tables XXXVI and XXAVIT indicate that the 814 wy diameter poly= 
styrene latex suspensions are not as stable as the suspensions of the 
smaller diameter polystyrene latex particles. The 4.32 and 3.83 ppm 
‘suspensions appear to be the most stable. Apparently the combination of 
‘© sual} enough number of particles and an adequate anount of stabiliser 
keeps the particles in suspension. The 1.72 ppm suspensions appears to 
be stable for six weeks, In the remaining suspensions it appears that 
4€ the shaking ie adequate to resuspend all of the particles then the 
turbidity value is up; {£ the shaking i inadequate then the turbidity 
value is low. 

Tables XEXVIIT and XKKIX show that the 1171 yu diameter polystyrene 
Jstex particles are too big to form stable suspensions. The 2.95 ppm 
suspension is the only suspension which approaches being stable. The 
other suspensions are in ouch a state that the turbidity value is 
determined by the effectiveness of the resuspension of the particles 
Just prior to the measurement of the turbidity. 

This study indicated that for long range stability either the 88 ye. 
diameter polystyrene Latex suspensions or the 188 yx diameter poly- 
styrene latex suspensions are best suited as standards, As the particle 
‘size of the polystyrene latex increases the length of time that the sus 


Pension is stable decreases. The 188 yw diameter polystyrene latex 
suspensions actually have several advantages, First, the diameter ts 
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‘approximately one-half of 436 yx and maximm sensitivity can be obtained 
by using this wave length, particle diameter ratio. Second, the concen- 
tration of the 188 ye dianeter polystyrene latex suspension can be 
lower than that of the 88 yo dianeter polystyrene latex suspension end 
still produce the same turbidity value. The 83 3% dianeter polystyrene 
Iatex suspensions have the advantage that many of the particles suspended 
im natural waters are very small, since the diameter of the standard and 
of the unknown should be as near the same size as possible in order to 
obtain optimm results. 


Tumbidity Measurenente 

Turbidity 1s an optical effect and one encounters may factors of 
optical importance when deciding how to measure the turbidity of a 
suspension. The first factor is the wave length of light to be used 
im the measurement. ‘The second factor is the instrument to be used in 
the measruement. The third factor of importance is how does the 
turbidity value vary with a change in concentration once an instrument 
and a particular vave length have been chosen for the measurenent. 

‘Choice of wave length. The wave length of light to be used in 
the measurement of turbidity is limited by several factors. First, the 
wave lengths of Light which are available to be used in the measurement 
of turbidity. Turbidity is usually measured in the visible region of 
the electromagnetic spectrum, This includes the region from 700 yo 
to 350 ma , In some cases the instrument is not sensitive over the 
entire region, Also when the monochromator is a filter the choice 


of wave length is even wore limited. 
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Second, the value of the turbidity of a given suspension varies 
with the wave length of Light used in the measurenent. The optisum wave 
length of Light to be used in the measurenent varies with the particle 
‘diameter. Figures 1 and 2 show how the turbidity varies with both 
particle size and with wave length, If these figures extended from 
3 microns to 1 yx the trond of ali 11 suspensions could be observed. 
‘As the particle diameter decreases the size of the plateau decreases. 
‘The plateau begins when the wave Length ie sbout one-half the dianeter 
and continues for varying distances, The desirable region for making 
measurements is on the plateau. Since this is not possible in all cases 
‘8 region of optimm sensitivity is the desired wave length to use for 
making turbidity measurements, hen the wave length is in the region 
between twice the value of the particle diameter and the value of the 
particle diameter this appears to be an optimm region for the 365 p=, 
264 yx, ond 188 gu dimeter particles. The optimum available 
sensitivity for the 88 y« diameter particles is « wave length nearly 
four times the dieneter. The suspensions of Ludox with a diameter of 
7 34 would have to be measured in the ultra violet region of the 
electromagnetic spectrum in order to obtain maximum sensitivity, In 
Figure 1 ali of the polystyrene latex suspensions were of approximately 
equal concentrations so that the variations due to concentration 
differences would be at « minim, 

In considering the instrumental Limitations and also the factor of 
Particle size all meaourenents were made in the region of 435 yx or 
436 mm im this study of turbidity measurenents. After considering all 
of the factors this wave length appeared to be the best one to use. 


Turbidity in reciprocal centimeters 


188 


350 


400 500 600 


Wave length in millimicrons 


Pig. 1—Turbidity Spectra of Polystyrene Latex Suspensions 
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Fig. 2—Turbidity Spectra of Assorted Suspensions 


Soma of the Beckaan DU readings were also made at 375 9 in order to 
obtain greater sensitivity. 

Ghoise of instrument. Turbidity can be measured by BOTH Light 
scattering and light transmission methods. There are instruments which 
fare based on both of the above principles. Both types of instruments 
are equipped vith either photoelectric detectors or use the hunin eye as 
the detector, There are also cone diaphanoneters in use witich employ 
the extinction principle. In this discussion the diaphanometer will be 
considered as an instrument based on light transmission, The reason 
for this 1s that instead of the anount of light which ts tranmitted 
being the variable the coll path is the variable and the amount of Light 
trmenitted is « constant. 

In this study nine suspensions were used to compare nine different 
instruments which can be used to determine the turbidity. The results 
¥ ce'thks comparison axe shovn in Table IX. ight of these suspensions 
have an approxinate weight concentration of 3 ppm. This concentration 
was selected because it vould be sensitive to both light scattering and 
‘ight transmission methods. Suspensions of polystyrene latex are 
sensitive to both types of maasurenents at this concentration, Tt was 
decided to use suspensions of approximate concentrations in order to 
elininate the factor of differences due to concentration, The fornazin 
suspension requires a higher concentration for any sensitivity. The 
choice of instruments was Limited to the instruments vhich were available, 

The only visual transmission instrument which was used in this 
study was the Jackson Candle Turbidimeter, This instrument cannot be 
used for very dilute suspensions, It is a diaphanoneter which was the 
most modem instrument available vhen it was designed in 1900. The 
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Jackson Candle Turbidimeter uses a candle of beeswax and spermaceti 
as 2 source of light and the flame has a wave length of approximately 
560 yA. ‘he scale for turbidities is etched on tho tube, xtrapolated 
values are shown in Table IX. A steady increase in turbidity is 
observed with an increase in the particle diameter until the diameter 
10 614 mu. ‘This indicates again that the turbidity of « suspension is 
sensitive to particle size, because the concentrations by veight are 
approximately equal in these suspensions. 

Any comercial filter photometer, photoelectric colorimeter, or 
spectrophotoneter can be used ac on instrument to measure turbidity» 
The desirable properties are 2 long cell path for dilute turbid suse 
pensions, a sensitive detector, and an accurate monochromator. Instru= 
ments used in this study include a Beckman DU, Ik+2, and B Spectro= 
photometer, a Fhotovolt Lumstron 450, anda Bausch and Lomb Spectronic 
20, The DU was operated at a wave length of 436 a. The Lamotron 
was operated using 2 420 mac blue filter as the monochromator. The wave 
Length used for making the turbidity measurenents was 435 my. with the 
DKe2, B, and Spectronic 20, In Table IX all values for the sbove 
instruments were obtained as absorbancy. The turbidity vas calculated 
using equation (1-2), The variation in turbidity value for the same 
suspension can be attributed to several factors, First, the instru 
ments are of varying accuracy. Second, the same cell path was not 
‘used in all of the instruments, ‘The agreement of the Spectronic 20 
values with the other values is excellent considering the short cell 
ath aad the sunll aise of tha sbeevbengy. Thisd, oxo would sapect some 
variation with the Lumetroa values since the wave length of Light used 
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in the measurement was not the sane as the other transmission instru 
ments, Fourth, the IK+2 {s not sot to give absolute absorbancy values, 
Whenever values of absorbancy from the DK-2 and the DU are compared 
the DU values are lover. This ts attributed to the fact that the DU is 
the more absolute instrument of the two. 

The only Light scattering instrument with a photoelectric detector 
used in this study was the Brice~Phoenix Light Scattering Photoneter. 
This instrument is equipped with a nereury lamp, filters, and a photo= 
uultiplior tube. The 436 my mercury line was used exclusively in 
this study, This instrument was used for obtaining all of the stability 
data, ‘The values for the turbidity are given in en.” and are calcu 
lated by using equation @-13). Table IX also shows tu:bidity values 
for the suspensions as obtained by Light scattering techniques. Sone 
of the values are much lover than the values obtained by transaiseion 
instruments. This difference 1s partly due to the dissymetry of the 
scattering and the depolarization of the 90 degree scattering witch are 
observed in Light scattering. 

The St. Louie Turbidineter was the light scattering instrument with 
the human eye as the detector which was used in this study, Values are 
obtained by matching the unknown suspension with the standard suspension. 
This instrument is Limited to determining the turbidity of suspensions 
with turbidities equivalent to the turbidity in clay suspensions which 
contain from 10.0 ppm to 0.1 ppm of clay. A further Limitation is that 
the particles must be of similar sizes or aberrations due to the color 
of the scattered light result. The fact that the instrument does not 
exploy monochromator Limits its use even more. Table 1X chovs the data 


‘obtained on the St. Louis Turbidimeter for the 3 ppa polystyrene latex 
suspensions. The values are obtained by matching with 188 = diameter 
polystyrene latex suspensions. These values were then converted into 
ea."! by the relation that 1 ppm of 188 4+ diameter polystyrene latex 
is equivalent to 0.01425 om."! at 436 ye. 

‘The Hellige Turbidineter is a cross-breed instrument in that i¢ 
employs both the transmission and scattering of Light by the sample, 
‘This instrument does not use a monochromator with the standard Light 
bulb which serves as the.souteeof energy. Table IX shows the data 
obtained on this instrument. The values are in ppm of silica and can 
not be correlated with the turbidities in on,*l, 

‘Turbidity may be measured by either Light absorption or by Light 
scattering. The use of Light absorption or Light tranaission is 
‘recomended imtil an absorbancy value or 0.025 or 95 per cent trans~ 
mission is reached, For solutions with less turbidity, Light scatter~ 
ing techniques are necessary. The Brice-Phoenix Light Scattering 
Photometer can detect turbidity in the purest distilled water available, 

Variation of turbidity with concentration. It is known that an 
increase in concentration will produce an increase in turbidity at a 
specific wave length. The problem is not the general trend, but does 
the turbidity vary linearly with concentration, does the logarithm of 
the turbidity vary linearly with the logarithm of concentration, or is 
the fumetional relationship even more complex. 

Looking again at the instrunents used in Table IX, the turbidity 
values fall into four groups. The fiyst and largest group is the 
Photoelectric transmission instruments containing, Beckman DU, B, and 
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DK-2 Spectrophotometers, a Bausch and Lomb Spectronic 20, and a Photo- 
volt Corp, Lumetron 450. The second group consists of one instrument, 
a Jackson Candle Turbidimeter. The third group consists of only one 
instriment, the Brice+Phoenix Light Scattering Fhotometer. The fourth 
‘group contains two instruments, the St. Louis and Hellige Turbidimeters. 

Turbidity varies linearly with concentration when the turbidity is 
measured with a transmission instrument, Figure 3 shows the variation 
of turbidity with concentration for various sized suspended particles. 
These values were obtained with a DU at 436 me using 10-cm. absorption 
cells. The slope of the line is dependent on three factors, the size of 
the suspended particle, the wave length used in making the measurement, 
and the instrument used in making the measurement. From Figure 1 one 
would expect that the slope of the lines would vary with the particle 
size. The relative positioning of the lines also varies with the wave 
of light used in making the measurement. This fact is also predicted 
from Figure 1, The variation of turbidity with a change in concentration 
for the varying sized particles at 546 ye is shown in Figure 4. These 
turbidity values were obtained by using the DK-2. This figure closely 
resembles the figure and work reported by Tabibian, Heller, and Epel (54). 
‘The equation describing the variation of turbidity with concentration 
for a given instrment is 7” = mc, where m is the slope of the line 
and is a function of the particle size and of the wave length of light 
used in making the measurenent. As concentration increases a negative 
deviation from linearity ie noticed. The careful choice of the cell 
path can minimise this deviation, 

‘The turbidity does not vary linearly with the concentration when 
the Jackson Candle Turbidimeter is used to determine turbidity. The 
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dopth of the Liquid in the tube docs vary Linsarly with concentration, 
The logarithm of the turbidity varies Linearly/with the logaritha of 
tthe concentration. This linear relationship 46 chow in Figure 5. The 
data in Figure 5 are for suspensions of polystyrene latexes of 86 p< , 
108 gy , 965 ye , and 51h gu particles, Other sized particles 
produce straight lines with different slopes. An equation to describe 
this relationship is log?” = m loge + b, where m and b are 
constants which depend on the size of the suspended particle, 

When turbidity ts measured with the Brice-Phoenix Light Scattering 
Thotonster the plot of turbidity versus concentration varies in shape 
as the size of the particle, Figure 6 chows the various shaped curves. 
The general trend is an increase in turbidity vith an increase in 
concentration. Particles with 88 ye and 189 y+ diaeters produce 
turbidities which vary Linsarly with concentration. Light scattering 
techniques are very sensitive to the various sized particles. When the 
Particle size approaches the wave length of Light used in the measurement 
Aissymetry, depolarization, and secondary scattering effects alter the 
turbidity, With the TI71 yor 5 557 9» and the 814 ye suspensions 
reflection effects may also affect the results, When the suspended 
particle is larger than the wave length reflection occurs (67). When 
the logaritim of turbidity is plotted against the logaritha of 
concentration the only suspensions which depart from linearity are the 
365 yy and the 264 ys cuspensions, Straight Lines cm be obtained by 
plotting log 1/c7 versus log 0 or He/7 versus ¢, but this has no 
analytical significance for the determination of unknown concentrations 
from turbidities. In the lover regions of concentrations all of the 
‘suspensions approach linearity. 
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Fig, 6—Eéfect of Particle Size and Concentration on Turbidity? 
1. Instrument Brice-Phoenix, Wave Length 436 mye 
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In order to caloulate H it was necessary to obtain the difference 
in the refractive indices of the suspiissions and the solvent. Table XL 
shows the data obtained by using a Brice-Phoenix Differential 
Refractoneter with the mercury blue line at 436 yx, 

‘Time did not permit an investigation of the variation of turbidity 
with concentration in the St. Louis Turbidimeter or with the Hellige 
Turbidineter, It te expected that the St. Louis turbidity values vary 
linearly with concentration, 

cae rniok a con f spetty aeteoin 
have been chosen, then the instrument for determining the turbidity mst 
be chosen. After the standard, instrument, and concentration range for 
the turbidity have been chosen then the measurement of concentration 
from turbidity is simply a matter of making « standard curve, reading 
‘the unknown, finding the turbidity value on the curve and reading the 


concentration from the curve. 


‘Conversion Factors 
The following values are very useful for conversions. One ppm of 
108 y% diameter polystyrene latex is equivalent to 0,01425 ox. 
490 yas Cue ppm of 06. 5% diameter. polystyrene Intex is epstratent 
it 436 me. One ppm of very fine centrifuged fullers 
earth fs equivalent to 0.000281 en.* at 436 gee, ‘These values may also 


at 


to 0.00500 


be related back to the Jackson Candle Turbidineter units. One ppm of 
158 gx diamter polystyrene Latex is equivalent to 0.17 Jackson Candle 
Turbidineter units, One ppm of 88 mx diameter polystyrene Latex ts 
‘equivalent to 0,03 Jackson Candle Turbidimeter units. 


CHAPTER V 
SURMARY AND CONCLUSIONS 


In this study suspensions of several materials have been investi~ 
gated including various clays, several ionic compounds, seven polystyrene 
latexes, formazin, and Ladox. ‘The stability of the suspension depends 
on the material, on the method of preparation of the suspension, and 
on the sise of the suspended particle. 

Before the investigation of a stendard could begin, « turbidity 
free water was obtained. ‘The water used in all dilutions was triply 


distilled water with a turbidity value of 6 x 10° ea, 

Suspensions of ionic compounds studied ware suspensions of calcium 
carbonate, suspensions of barium sulfate, and suspensions of silver 
chloride, ALL of these suspensions proved to be so unstable that no 
long-range study was pursued. 

The clay sucpensions investigated included suspensions of bentonite, 
fullers earth, illite, and kaolinite, These clay suspensions need some 
stabilising agent, In this study potassium ferrocyanide and sodium 
hydroxide were investigated. Fotassiun ferrocyanide was not 2 good 
stabilizing agent for long periods of tine. Sodium hydroxide was better 
stabilising agent than the potassiua ferrocyanide, but it left much 
to be desired, In order to obtain even a metastable clay suspension the 
Procedure recomended in Chapter III mst be followed, 

Formazin is the standard suspension which 40 used by the Society of 
Brewing Chemists for the determination of turbidity, The suspension is 
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propared by adding equal volumes of 1 per cent hydrazine sulfate solution 
and 10 per cent hexamothylenctetramine solution. The mixture ic stirred 
constantly to increase the rate of polymerization, This stock sus 
pension is diluted with turbidity free water. The stability of the eus~ 
pension 4s dependent on the interval of tine between shakings. This 
polymer makes a good standard for short periods of tine. 

Concentrated stock suspensions of polystyrene latex were supplied 
by the Dow Chenical Coapany, Suspensions of these polystyrene latexes 
were prepared by diluting a weighed quantity of the stock suspension, 
Wore dilute suspensions vere obtained by further dilution, The poly= 
atyrene latex suspensions do not settle on standing. With the small 
@iameter latexes the variations in the stability was within the range of 
‘experimental error. In addition to the stability these suspensions have 
another very desirable recomendation as a standard, i, g., the sus= 
pensions are easy to prepare and are easy to handle. Each stock sus= 
pension is of a known particle size, and the concentration is certified 
to 0.01 of 1 per cent with an accuracy of 1 part per thousand. Suse 
pensions of polystyrene latex used in this study had particle diaeters 
Of 63 ga, 168 mx, 264 mx, 365 Be, S57 me, O1b mA, and 171 yu. 

“el alts Sean ear oe 
de Wenours end Company, Inc. Ludox is a colloidal silica with a particle 
Gtamater of 7 9p to 15.y+. Suspensions ware prepared by dilution of 
the concentrated stock with turbidity free water. The stabilizing action 
of 0.05 M sodium chloride was studied, Sodium chloride in the concen 
‘tration studied was not a stabilising agent for Ludox, The suspensions 
in turbidity free water were quite stable. Ludox is not as desirable a 


standard as the polystyrene latexes, First, the particle diameter ts 


mich Less than the wave length of visible light or even-ultra violet 


Light. Since the dimeter is so muct! ousiler than the wave length of 
the Light used in the measurement of the turbidity, the concentration 
of the particles must be large. Second, with the large concentration 


of particles the suspensions becone difficult to handl 


‘The conclusions reached concerning a standard are as follows: 
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‘The polystyrene latexes provide stable suspensions to be 
used as standards. For long range stability tha 28 ay or 
the 188 ge particle diameter suspensions provide the most 
stable suspensions. : 

The 168 yo dimeter particles have the advantage of being 
approximately the same value as one-half of the wave length 
of Light used in the measurenent, 

The diameter of the polystyrene latex to be chosen will 
depend on the relative diameter of the particles making 
up the unknown turbid suspension for the most accurate 
results. 

‘Ac an alternate standard, the fornazin polymer may be used. 
‘The Ladoxes provide very stable suspensions, but lack 
other desirable properties necessary to mike a good standard, 
Clay suspensions and suspensions of ionic compounds are not 
stable enough to be recomended as turbidity standards. 


In this study both light transmission and light scattering 


instruments were used, The light transmission methods are simpler and 


axe recomended for suspensions having an absorbance value greater than 
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0,025, For the more dilute suspensions light scattering methods are 
necessary, The turbidity of the suspensions my be calculated in on.” 
from both types of measurements. 

The wave length of light used in making the measurement ts also 
‘en important factor to consider in choosing the method of measurenent. 
optimm sensitivity is obtained ven the particle size is between one- 
half of the wave length and the same size as the wave length of the Light 
used in the moasurenent, In this study the vistble region of the 
electromagnetic spectrum was scammed using a Becknan Dk+2 Ratio Recording 
Spectrophotoneter, For snall particles the general rule is the enaller 
the wave length the greater the sensitivity. In this study the wave 
length used in measuring the turbidity of suspensions was 436 y~ if 
this wave Length was available on the particular instrument being used. 

A comparison study was made to see the variation in turbidity with 
‘a change in instrument, When the turbidity values were caleulated in 
om,” the variations could be attributed to the variations in the 
quality of the instruments, the individual characteristics of the instru 
nents, and the principles of operation of the individual instrusents. 
The folloving instruments ore used in this comparison study, a Beckman 
DU Spectrophotoueter, a Becknan B Spectrophotometer, « Beckman DK-2 
Spectrophotoneter, a Bausch and Loub Spectronic 20,  Photovolt Corp, 
Jamatron Yodel 450, « Fhoonix Precision Company BricesPhoenix Light 
Seattering Fhotometer, a Jackson Candle Turbidimeter, a Phipps and Bird 
St. Louis Turbidineter, and a Hellige Turbidineter. 

A Brice-Phoentx Light Seattering Fhotometer was used in this study 
to obtain the Light scattering measurenents. A Beckman DU Quarts 


Spectrophotomster was used to mike the transmission measurements in this 


study. 


‘The conclusions reached concerning the mathod of turbidity measure~ 


ment are as follows: 
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Light transmission methods are simpler than light scattering 
techniques and should be used to measure the turbidity of 
‘11 suspensions having an absorbance value greater than 0,025, 
For more dilute suspensions light scattering methods.are 
necessary. 

‘The unit of turbidity measurement is the reciprocal centi+ 
meter. This value can be obtained from both 1ight trans- 
mission and light scattering measurements, 

The use of photoelectric detectors in the measurenent of 
turbidity is recommended, 

‘The wave length of Light used in the measurement should be 
the wave length of light at which the greatest sensitivity 
is obtained, 

‘The region of optimm sensitivity depends on the particle 
sine of the suspended materiel. 

In any turbidity measurement the standard and the unknown 
should be of approximately the sane particle size. 

‘The turbidity of « suspension is « function of three factors, 
the weight concentration of suspended material, the size of 
the suspended particle, and the wave length of Light used in 
the measurement. 

When other factors are held constant, the turbidity of a sus~ 
Pension varies linearly with the veight concentration in 
‘specific concentration ranges. 
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ABLE x 
Turbidity” in ea,” of Formasin Suspensions 


iu 
g 
g 
8 


100 
80 


if 
5 


Beoveourunnof 
2 
g 
4 
g 
2 
3 


BER E 
PEGE 
‘EEA 
BREE 


17 0,1548 == (00140 
19 01533 == 00138 
21 0.571 ee 0.0135, 


“Turbidity at 436 ms. 


0.00832 
0.00819 
0.00825 
0.00798 
0.00790 
0.00772 
0.00751 
0.00735 
0.00730 
0.00736 
0.00690 
0.00666 
0,00651 
0.00636 
0.00594 
0.00564 


0.00557 


Sooncentration in FTU, vhore 1 FTU equals 0.8 ug. per liter of 


reactants, 


“concentration in ppa of reactants. 


Cone. 1000 500-200 10050 20 10 
Cone.* 800 400 160 80 40 16 8 
Age in 


0.1750 0.0580 0,017 0,00800 9.00385 0,001510 0,00070 
0.1720 0,0527 0.0144 0.00626 0.00287 0.000846 0,000488 


0.1720 0.0523 0,0124 0,00452 0,00136 0,000349 0,000286 
0.1701 0,0514 0,018 0.00453 9.00104 0.000238 0,000225 
0.1701 0.0520 0.0108 0.00429 0.000899 0.000243 0.000238 
0.1725 0.0523 0,092 0.00404 == 0, 000244 0.000244 


neater eee cneeesanseansaatisaigliienettas 
turbidity at 436 au. 


Deoncentration in FIU where 1 FIU equals 0.8 mg. per liter of 
reactants, 


Weeks 
° 
2 
4 —0,1725 0.0523 0.0134 0,00560 0,00178 0000540 0,000402 
6 
a 
wo 
2 


“concentration in ppm of reactants, 


an 


cone? 11000 500 200 200 

Cone,” 800 400 160 0 

Age in Weeks 
° 0.1786 0.0598 0.0186 0.00837 
2 0.1750 0.0558 0.0167 0.00759 
3 0.1701 0.0538, 0.0160 0.00726 
8 0.1631 0.0519 0.0148 0.00687 
a 0.1610 010514 0.0146 0.00627 


Mturbidity at 436 mee 


Gone. 1000 500 200 100 50 20 w 
Cone.® 00 400160 80 40 16 8 
Age ta 

Weeks 

0 0.1755 0,0576 0.0167 0.00824 9.00392 0.001480 0.000738 
7 0.1588 0.0498 0.0149 0.00624 0.00278 0.000400 0.000336 
“ 0.1565 0.0494 0.0146 0.00562 0.00249 0.000176 0.000195 


a1 0.1515 0.0463 0,0129 0.00487 0,00200 0.000168 0.000131 


Turbidity at 436 ye. 
Peoncentration in FTU, where 1 TU equals 0.8 mg. per Liter of reactants. 
Concentration in ppm of reactants, 


TABLE IV 
‘Turbidity® in om.” of Ludox Suspensions 


ppm Ludox? © 30000-15000 7500 3000 1500 150 300 
‘Age in Weeks 
1 0.0448 0.0269 0.0159 0.00773 0.00435 0.00254 0.00113 


2 0.0445 0.0266 0.0159 0.00775 0.00447 0.00254 0.00115 
4 0.0451 0.0269 0.0162 0.00785 0.00445 0.00260 0.00113 
6 0.0466 0.0275 0.0167 0.00808 0.00464 0.00256 0.00113 
8 0.0461 0.0283 0.0168 0.00823 0.00478 0.00265 0.00121 
10 0.0465 0.0288 0.0170 0.00840 0.00472 0.00268 0.00115 
2 0.0462 0.0288 0.0168 0.00840 0.00467 0.00259 0.00115 


turbidity at 436 ga. 


brhese concentrations of Ludox are required to produce turbidity values 
Similar to those fron the polystyrene latex suspensions. 


0.0976 0.0556 0.0295 0.0124 0.00624 0.00298 0.00115 
0.0976 0.0556 0.0292 0.0124 0,00618 0.00318 0.00119 
0.1028 0,0585 0.0299 0.0127 0,00637 0.00321 0.00125 
0.1078 0.0589 0.0311 0.0130 0.00661 0.00348 0.00137 
0.1118 0.0599 0.0310 0.0139 0,00667 0.00366 0.00145 
0.1159 0.0602 0.0306 0.0143 0.00697 0.00489 0.00150 


“turbidity at 436 gx, 
Dstabilizing agent was 0.05 H NaCl. 


“These concentrations of Ludox are required to produce turbidity values 
similar to those from the polystyrene latex suspensions. 


TABLE OVE 
‘Turbidity® in em.“ of 88 my Diameter Polystyrene Latex Suspensions 


Ppa 
of P, Latex 26,00 10.40 5.20 2.60 1.08 «= 0.520426 


° 0.1342 0.0487 0.0237 0,020 0.00490 0.00252 0.00125 
1 0.1334 0.0485 9.0237 0.0119 0.00483 0.00246 0.00125 
3 0.1326 0.0489 0.0236 0.0119 0.00488 0.00248 0.00126 
3 0.1340 0.0492 0.0238 0.0118 0.00479 0.00248 0.00128 
7 += 0.0500 0.0242 0.0120 0.00487 0.00252 0.00126 
9 ++ 0.0498 0.0239 0.0120 0.00490 0.00250 0,00128 
n == 00490 0.0238 010188 0.00483 0.00252 0.00130 
a3 - ++ 0.0235 0.0119 0.00472 0.00246 0.00130 


‘TABLE XXVIL 
Turbidity® in on.” of 88 3 Diameter Polystyrene Latex Suspensions 


° 0.1589 0.0579 0.0275 0.0137 0.00552 0.00286 0.00140 
0.1610 0.0589 0.0276 0.0138 0.00551 0.00270 0.00142 
0.1632 0.0590 0.0230 0.0139 0.00558 0.00196 0.00152 
0.1589 0.0574 0.0274 0.0138 0.00560 0.00163 0.00144 


0.1568 0.0574 0.0272 0.0135 0.00548 0.00152 0.00139 


2 
4 
6 
a 0.1579 0.0579 0.0272 0.0138 0.00552 0.00154 0.00142 
10 
2 0,1568 0.0565 0.0272 0.0134 0.00536 -- — 0,00242 


‘TABLE XVIII 
‘Turbidity® in om."} of 168 my Dianster Polystyrene Latex Suspensions 


Ppa 
of P, latex 13.71 6.86 2.74 «1370468027 


i 


€ 
BBeweno fk 
i 
3 


0.2978 0.1148 0.0405 0.0194 0.00962 0.00380 0.00191 
0.2978 0.1148 0.0405 0.0192 000931 0.00373 0.00183 
0.2978 0.1162 0.0410 0.0195 0.00929 0.00368 0.00178 
0.0405 0.0195 0.00946 0.00368 0.00171 
0.2978 0/1156 0.0402 0.0190 0.00916 0.00354 0.00160 
0.2978 0.1113 0.0395 0.0186 0.00906 0.00347 DL00147 
0.2978 041102 0.0395 0.0185 0.00903 0.00348 0.00156 


‘TABLE XXX 


Turbidity" in on." of 198 9% Dlenater Polystyrene latex Suspensions 


Ppa 
of P, Latex 13,45 


6.72 


' 


0.2690 
0.2710 


in 
o 

2 

4 

6 0.2570 
8 
10 02538 
a2 


0.2538 


09,1055 
01046 
01046 
0.1024 
0.1020 
0,1019 
0,0992 


SPacbidity ak 4396 9 » 


0.0375 
0.0378 
0.9376 
0.0370 
0.0363 
0,063 
09,0363 


0,077 
0.0176 
0,0175 
0.0173 
0.0170 
0.0169 
0,016 


‘Tame SOK 
Turbidity* in on." of 264 my Diameter Polystyrene Latex Suspensions 


Of P Latex 5.50 2.75 1,10 0,55 0,28 Od (0406 


0.2130 0.0610 0,0163 0.00688 0,00318 0.00122 0,000620 
0.2190 0.0612 0.0160 0.00685 0.00311 0.00122 0.000624 
0.2130 0.0610 0.0160 0.00672 0.00313 0.00122 0,000638 
0.2130 0.0621 0.0161 0,00685 0,00315 0.00124 0,000658 


0.2092 0.0596 0.0152 0.00642 0.00295 0.00116 0.000590 


° 
2 
it 
6 
8 0.2130 0.0614 0.0158 0.00663 0.00301 0.00118 0.000604 
10 
2 0.2074 0.0596 0.0153 0.00645 0.00295 000116 0,000596 


‘TABLE OM 
Turbidity® tn en."! of 266 ye Diameter Polystyrene Latex Suspensions 


of P, Latex 5.44 2.72 1,08 0,54 0,27 OL 08. 


° 0,2164 0.0615 0.0162 0.00695 0.00322 0,00122 0,000606 
2 0.2225 0,0619 0.0155 0.00666 0,00380 0.00124 0,000624 
4 0.2204 0,0623 0,0151 0.00642 0.00334 0.00127 0.000648 
6 0.2204 0,0628 0.0247 0.00616 0,00324 0.00122 0,000610 
8 0.2184 0.0618 0.0140 0,00604 0.00319 0.00123 0,000610. 
10 0.2204 0,0615 0.0137 0,00609 0.00321 0,00119 0.000604 
2 0.2130 0.0609 0.0135 0,00616 0.00317 0.00117 0.000592 


Snuebidtey at 496 ye. 
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‘TABLE XL 
Refractive Index Differences of Turbid Suspensions at 436 gx 


Material Gone, in pa Diggerence® 
SS Sener le atk SA Se ee 
Polystyrene Latex-38 29.00 10,0000090 
Polystyrene Latex+188 13.45 0.000043 
Polystyrene Latex-264 5.4 0.000024 
Polystyrene Latex-365 3.29 ‘0.000009 
Polystyrene Latex-557 6.10 0.000027 
Polystyrene Latex-614 7.66 00000040 
Polystyrene Latex-il71 5.88 ‘0,0000057 
Pormesin 900.00 0000080 
Pullers Barth 34,00 0.000068 
Volelay 80.00 0.000072 


—_— 
“Refractive index difference from triply @istilled water. 
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